IMPORTANCE
The environmental bacterium Lysobacter is a new source of antibiotic compounds and exhibits intrinsic antibiotic resistance. Here, we found that the inactivation of a two-component regulatory system (TCS) by an inhibitor or by gene deletion led to a remarkable increase in the level of production of a metabolite in L. enzymogenes, and this metabolite was identified to be indole. We chemically synthesized a fluorescent indole probe and found that it could label the wild type and a mutant of the TCS cytoplasmic response regulator but not a mutant of the TCS membrane sensor. Indole treatment caused the intrinsically multidrug-resistant bacterium L. enzymogenes to be susceptible to antibiotics. Mutations of the TCS sensor also led to antibiotic susceptibility. Because indole is known as an interspecies signal between gut microbiota and mammalian hosts, the observation that indole could render intrinsically resistant L. enzymogenes susceptible to common antibiotics may have implications.
T he search for new antibiotics is a pressing and continual need, as drug-resistant pathogens constantly emerge. Natural products are a main source of antibiotics, and Gram-positive bacteria of the Actinomycetes and filamentous fungi have been the primary sources of bioactive natural products for decades. In recent years, the Gramnegative bacterium Lysobacter is emerging as a new source of antibiotic natural products with new structural features and interesting modes of action (1, 2) . For example, lysocins from Lysobacter sp. strain RH2180-5 are cyclic peptide antibiotics that exhibit a novel mode of action by binding to menaquinone in the cell membranes (3, 4) . Lysobactin (katanosin B) from Lysobacter sp. strain ATCC 53042 is a potent antibacterial cyclic depsipeptide that binds to the reducing end of lipid-linked cell wall precursors and thus blocks peptidoglycan biosynthesis of the cell wall (5-7). WAP-8294A from Lysobacter sp. strain WAP-8294 and Lysobacter enzymogenes OH11 is a family of cyclic lipodepsipeptides with potent activity against methicillin-resistant Staphylococcus aureus (8) (9) (10) . Tripropeptins from Lysobacter sp. strain BMK333-48F3 are another group of cyclic lipodepsipeptides that inhibit the lipid cycle of bacterial cell wall biosynthesis by forming a complex with Ca 2ϩ and undecaprenyl pyrophosphate (11, 12) . Cephabacins from Lysobacter lactamgenus contain a cephem core attached to an oligopeptide side chain (13) (14) (15) . Heat-stable antifungal factor (HSAF) and analogs from L. enzymogenes strains C3 and OH11 are a group of polycyclic tetramate macrolactams with potent antifungal activity and a distinct mode of action (16) (17) (18) (19) (20) (21) (22) (23) (24) . Phenazines from Lysobacter antibioticus OH13 are broad-spectrum antibiotics, including the well-known antibiotic myxin (25) .
As ubiquitous environmental Gram-negative bacteria, Lysobacter species have two distinct characteristics. One is their unusual richness in peptide metabolites, and the other is their intrinsic resistance to multiple antibiotics. For the former characteristic, we and others have started to look into molecular mechanisms for the production and regulation of bioactive natural products. Several Lysobacter genomes have been sequenced, and most of these genomes contain multiple gene clusters (12 to 16 clusters) for natural product biosynthesis (2, 26) . Unlike gene clusters of Gram-positive Streptomyces species that are also rich in bioactive natural products, most of the Lysobacter gene clusters are predicted to synthesize peptides. Lysobacter species are considered "peptide production specialists" (2) . In addition, recent studies have shown that the production of antibiotic compounds is regulated by endogenous and/or xenogenous small molecules (27) (28) (29) (30) (31) . For example, L. enzymogenes diffusible signaling factor 1 (LeDSF1) to LeDSF5, a group of fatty acids, were identified in L. enzymogenes strain OH11 and found to act as DSFs to regulate the biosynthesis of HSAF (27) . The signaling is mediated by a two-component regulatory system (TCS), L. enzymogenes RpfC (LeRpfC)/Le-RpfG, which is responsible for sensing the DSF and for conveying the signal for subsequent gene expression and HSAF production. Independent of DSF signaling, 4-hydroxbenzoic acid was recently shown to serve as a diffusible factor (DF) to regulate HSAF biosynthesis through a LysR family transcription factor (LysR Le ) (28) (29) (30) (31) . Interestingly, PilS/PilR, another TCS that is known to regulate T4P (type IV pilus) production in many bacteria, was unexpectedly found to play a role in HSAF regulation in L. enzymogenes, and signaling was conveyed by the second messenger cyclic di-GMP (c-di-GMP) (32) .
In contrast to the biosynthesis and regulation of natural products, essentially nothing is known about the molecular mechanism(s) underlying intrinsic multidrug resistance in Lysobacter. An understanding of the mechanism(s) is important for the better utilization of this largely underexplored source of bioactive natural products. In this work, we serendipitously found that a simple molecule, indole, is able to reverse the antibiotic resistance of Lysobacter through a QseC (quorum sensing Escherichia coli regulator C)/QseB-like TCS. QseC/QseB was originally found in E. coli (33, 34) . QseC is the membrane-bound sensor protein of the TCS with histidine kinase activity, and QseB is the cytoplasmic response regulator that regulates the expression of downstream target genes. QseC/QseB homologs are present in many important human and plant pathogens and are important for the virulence of pathogens (35) (36) (37) . In enterohemorrhagic E. coli, QseC/QseB regulates multiple virulence factors and is known to respond to human epinephrine/norepinephrine and bacterial AI-3 (autoinducer 3), a group of mysterious signals whose identity is yet to be discovered (35) (36) (37) (38) (39) (40) . QseC is considered a target for new antibiotic development, and a potent QseC inhibitor, LED209, was identified (35, 41, 42) . Through QseC/QseB signaling, AI-3 signals regulate the expression of enterocyte effacement, Shiga toxin, and flagellum and motility genes in enterohemorrhagic E. coli (39) . In this study, we describe the identification of indole as a small-molecule signal for Le-QseC/Le-QseB in L. enzymogenes OH11 and present evidence for the involvement of this signaling system in intrinsic multiantibiotic resistance.
RESULTS
Treatment of L. enzymogenes OH11 with the QseC inhibitor LED209 induces a dramatic increase in indole production. In bacteria, the TCS is the basic system for sensing and responding to environmental stimuli and signaling factors (43) . Since antibiotic treatment could be regarded as a type of environmental stress to bacteria, we were curious about the potential consequences of blocking TCSs in L. enzymogenes. Because of the widespread occurrence of QseC/QseB and its importance in pathogenic bacteria, we chose to test LED209, a small synthetic compound that exhibited potent inhibitory activity against the binding of signals to QseC (35) . After LED209 treatment, we examined the metabolite profile of L. enzymogenes OH11. The level of a new metabolite with a 7.8-min retention time upon high-performance liquid chromatography (HPLC), which was barely detectable in untreated OH11 cells, was dramatically increased in OH11 cells treated with LED209 (10 pM) (Fig. 1) . We purified the compound from a scale-up culture and elucidated its chemical structure using nuclear magnetic resonance (NMR) (see Fig. S1 in the supplemental material). 1 The dramatic induction of indole by LED209 is intriguing, because indole and some of its derivatives are signal molecules involved in biofilm formation, virulence, motility, and antibiotic tolerance (44) . The concentration of indole can reach ϳ100 M in the human gastrointestinal (GI) tract and 250 to 1,100 M in human feces (45, 46) . Cultured commensal E. coli cells can produce as much as 600 M indole (47) . For L. enzymogenes OH11, we estimated that upon LED209 treatment, the concentration of indole increased over 1,300-fold (from approximately 0.3 M to about 410 M). We were able to obtain ϳ30 mg indole from 1 liter of culture (corresponding to approximately 256 M), confirming the drastic induction of indole production by the QseC inhibitor LED209. Finally, one hallmark of the QseC/QseB-like TCSs is that they respond to adrenergic signals such as epinephrine (adrenaline). Indeed, treatment with epinephrine also led to a remarkable induction of indole production in L. enzymogenes OH11 (Fig. 1) .
Deletion of Le0754-Le0752 in L. enzymogenes OH11 also leads to a large increase in indole production. The remarkable induction of indole by the QseC inhibitor LED209 suggests that indole signaling may involve a QseC/QseB-like TSC in L. enzymogenes. Among the genes coding for putative TCSs in L. enzymogenes (32), we found that Le0754-Le0752 showed the highest similarity to genes for QseC/QseB of E. coli (strain K-12 and enterohemorrhagic strain O157:H7). Le0754 shares 31.1% identity and 43.3% similarity to QseC of E. coli, and Le0752 has 47.5% identity and 62.0% similarity to QseB of E. coli (see Fig. S2 in the supplemental material). We thus use the names Le-qseC and Le-qseB for Le0754 and Le0752, respectively, in this study. To test if To test whether indole signaling is mediated by Le-QseC/Le-QseB, we deleted the Le-qseC gene and the Le-qseB gene in OH11. Similarly to LED209 treatment, the deletion of this TCS also led to a remarkable increase in the level of indole production (estimated at 267 M for the Le-qseC mutant and 323 M for the Le-qseB mutant) (Fig. 1) . These results clearly demonstrate that the loss of function of the Le-QseC/Le-QseB TCS leads to indole induction in OH11.
Fluorescently labeled indole binds to wild-type L. enzymogenes and the LeQseB mutant but not to the Le-QseC mutant. To obtain evidence for the involvement of Le-QseC/Le-QseB in indole signaling, we chemically synthesized a fluorescent indole probe (compound 1) in which indole was linked to the fluorophore Azide-fluor 488 (from Sigma-Aldrich; compound 4) using click chemistry (Fig. 2 ). When this probe was incubated with L. enzymogenes OH11 cells, wild-type cells and Le-qseB deletion mutant cells were clearly labeled with green fluorescence, while Le-qseC deletion mutant cells were not labeled (Fig. 3 ). As controls, L. enzymogenes cells gave no fluorescence in the absence of the probe or when the cells were incubated with the fluorophore alone (compound 4). These results suggest that indole binds to Le-QseC, the membrane sensor of the TCS, but not to Le-QseB, the cytoplasmic response regulator of the TCS.
To obtain more evidence, we generated four other Le-qseC mutants, each of which contained a single amino acid change at four conserved residues within the N-terminal ligand-binding domain (but not the C-terminal kinase domain [see Fig. S2 in the supplemental material]). While the wild type clearly showed fluorescence, the Le-qseC D85V, Le-qseC F126A, and Le-qseC F154A single point mutants gave barely detectable fluorescence signals when incubated with the indole probe (Fig. 4) . On the other hand, the Le-qseC W164E mutant exhibited fluorescence similar to that of the wild type. Due to the lack of structural information on Le-QseC, it is difficult to predict the potential contributions of these conserved amino acid residues to the function of Le-QseC. Nonetheless, these data support that the binding of indole to L. enzymogenes cells is Le-QseC dependent. Indole reverses antibiotic resistance in L. enzymogenes OH11. To evaluate potential physiological consequences of Le-QseC/Le-QseB-mediated indole signaling, we examined antibiotic resistance in L. enzymogenes OH11, because this is one of the distinct characteristics of Lysobacter species. First, we checked whether exogenous indole would have a toxic effect on OH11 growth. In the absence of an antibiotic, indole (0.5 mM) exhibited no obvious effect on OH11 growth in both solid culture and liquid culture (Fig. 5) . In contrast, indole almost completely stopped the growth of OH11 in the presence of several common antibiotics, although OH11 is intrinsically resistant to these antibiotics (Fig. 5) . These results show that indole treatment causes a multiantibioticresistant Lysobacter strain to become susceptible.
To further look into the reversed antibiotic resistance, we examined the TCS Le-qseC-Le-qseB mutants, including gene deletion mutants and single point mutants.
While the wild type grew normally in medium containing ampicillin (100 g/ml), kanamycin (50 g/ml), or gentamicin (5 g/ml), the Le-qseC deletion mutant was unable to grow under the same conditions, regardless of the presence or absence of indole (Fig. 6 ). This confirms the involvement of the Le-QseC sensor of the TCS in antibiotic susceptibility. In contrast, the Le-qseB deletion mutant was able to grow, albeit more slowly than the wild type, in medium containing ampicillin, kanamycin, or gentamicin, in the absence of indole (Fig. 6) . However, in the presence of indole, the Le-qseB deletion mutant became totally susceptible to the antibiotics. This is consistent with data from the fluorescent indole binding experiments, which showed that the Le-QseB response regulator of the TCS does not directly interact with indole. As long as the Le-QseC sensor is functional, indole signaling could be transmitted to the cells, perhaps via an alternative response regulator of the 54 putative TCSs found in OH11 (32) . This could explain why the Le-qseB deletion mutant grew more slowly than the wild type in the absence of indole, probably due to a less optimal cytoplasmic response regulator for the membrane sensor Le-QseC.
To obtain more evidence, we also tested the Le-QseC single-amino-acid mutants (Fig. 6 ). As expected, no growth was observed for the Le-qseC D85V mutant, the Le-qseC F126A mutant, or the Le-qseC F154A mutant in medium containing ampicillin, kanamycin, or gentamicin, with or without indole. In contrast, the Le-qseC W164E mutant grew nearly as well as the wild type in medium containing the antibiotics but without indole. However, when indole was added to the medium, the Le-qseC W164E mutant could not grow in medium containing any of the antibiotics (Fig. 6) . These results are in agreement with those from fluorescent indole binding experiments with the Le-qseC single-amino-acid mutants.
Indole stimulates HSAF production. Because L. enzymogenes is known to produce several antibiotic metabolites, we examined indole's effect on the biosynthesis of HSAF, the major antifungal metabolite in this strain. The exogenous addition of indole markedly increased the production of HSAF and its analogs in L. enzymogenes (see Fig.  S6 in the supplemental material). These results suggest that HSAF biosynthesis is affected by indole signaling.
DISCUSSION
Indole signaling in bacteria has been investigated by several groups. Early studies reported that SdiA, a quorum sensing regulator of E. coli, mediated indole signaling, in addition to sensing acyl homoserine lactones (44, 48, 49) . Indole was shown to induce multidrug exporter gene expression, and its signaling was transmitted via BaeSR/ CpxAR, another TCS in E. coli (50) . A more recent study found that while indole had effects on gene expression and biofilm formation, these effects were not dependent on SdiA in E. coli and Salmonella enterica serovar Typhimurium (51). Furthermore, indole was shown to be freely diffusible across bacterial membranes (52). Thus, it was not entirely clear whether indole signaling would require a sensor/receptor protein and, if so, whether the protein would be a TCS-type sensor.
In this study, we found that LED209, an inhibitor of the TCS sensor QseC, and epinephrine, a known modulator of QseC, dramatically induced indole production in L. enzymogenes. We further discovered that the deletion of the Le-qseC gene or the Le-qseB gene in L. enzymogenes also remarkably stimulated indole production. Using a chemically synthesized fluorescent indole probe, we obtained evidence to support that indole could bind to the sensor protein Le-QseC in L. enzymogenes. The QseC/QseB 
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Applied and Environmental Microbiology signaling system is very important for the virulence and motility of enterohemorrhagic E. coli, which uses epinephrine/norepinephrine and AI-3 as signal molecules (35) (36) (37) (38) (39) (40) . However, the nature of this so-called AI-3 remains unclear, other than that AI-3 was suggested to be a group of bacterial aromatic compounds. The QseC inhibitor LED209 reduces the in vivo virulence of enterohemorrhagic E. coli and Salmonella enterica serovar Typhimurium. Targeted blocking of QseC activity has been proposed as a strategy against Gram-negative pathogens (42) . In contrast to pathogenic E. coli and Salmonella enterica, L. enzymogenes is a nonpathogenic environmental bacterium. Its QseC/QseB-like system is not expected to be associated with virulence, and our results show that this TSC is involved in antibiotic resistance (Fig. 7) . In E. coli, indole was shown to serve as a signal to turn on drug efflux pumps and oxidative stress-protective mechanisms, which conferred population-based antibiotic resistance (53) . Indole signaling also induced E. coli persistence through activating stress responses in the bacterial community (54) . As an interspecies signal, indole caused Salmonella to become less susceptible to antibiotics (55) . In the presence of antibiotics, E. coli cells produced a higher level of indole that enhanced cell survival during antibiotic stress (56) . It appears that indole generally enhances antibiotic resistance in these pathogenic bacteria. Therefore, in light of the dramatic increase in indole production in L. enzymogenes upon blocking of Le-QseC or mutation of Le-qseCLe-qseB, our first instinct was to expect enhanced antibiotic resistance. However, to our surprise, we found that indole caused the intrinsically multidrug resistant bacterium L. enzymogenes to become susceptible to several common antibiotics. Similarly, the Le-qseC-Le-qseB mutants also became antibiotic susceptible. In the absence of an antibiotic, indole itself did not show toxicity to the growth of L. enzymogenes.
Indole has been shown to induce the production of efflux pumps in both E. coli and Salmonella (53, 57) . The change in efflux pump activity could be a main reason for the observed change in antibiotic resistance in these bacteria. However, indole's effect is to increase antibiotic resistance in the above-described pathogenic bacteria. For the environmental bacterium L. enzymogenes, we found the opposite effect, that indole caused this intrinsically resistant bacterium become susceptible (Fig. 7) . This may suggest that the direction of antibiotic transportation by the indole-induced efflux pumps in L. enzymogenes is probably the opposite of that in the pathogenic bacteria described above. The increase in the level of indole may lead to enhanced antibiotic transport from outside to inside the cells so that an inhibitory concentration of the antibiotic could be reached. Whether this is a feature specific only to the environmental Gram-negative bacterium Lysobacter or a property present in broader microorganisms is worth further investigation, particularly for members of the gut microbiota, because they are known to produce a large amount of indole and to be involved in diseases in humans (45) (46) (47) . In addition, QseC homologs are present in many important human and plant pathogens, and the QseC/QseB signaling pathway is important for the virulence of these pathogens. Thus, the finding that indole could cause an antibioticresistant bacterium to be antibiotic susceptible has important implications in terms of understanding the pathology as well as developing potentially novel approaches toward fighting against multidrug-resistant superbugs, particularly Gram-negative pathogens, against which there are very few weapons available.
Finally, Le-QseC/Le-QseB is the third TCS among the 54 putative TCSs whose signal molecules have been identified (27, 32) . As Lysobacter species produce a large number of bioactive natural products and their regulatory mechanism remains largely unexplored (1, 2), it will be interesting to test if Le-QseC/Le-QseB-mediated indole signaling could also play a role in regulating antibiotic production by Lysobacter.
MATERIALS AND METHODS
Bacterial strains, plasmids, and general methods. Escherichia coli strains DH5␣ and S17-1 were used as the hosts for general DNA manipulation and for conjugation, respectively. Lysobacter enzymogenes OH11 (CGMCC 1978) and the derived mutants were grown in 40%-strength tryptic soy broth (TSB). Plasmid miniprep and DNA fragment extraction were performed according to the instructions of the kits from Qiagen. All other manipulations were carried out according to methods described previously (21) . PCR primers were synthesized by Eurofins MWG Operon (distributed by Fisher Scientific). Restriction enzymes and other molecular biology reagents were purchased from NEB. LED209 was purchased from Santa Cruz Biotechnology, Azide-fluor 488 was obtained from Sigma-Aldrich, and all other general chemicals were purchased from Sigma-Aldrich or Fisher Scientific.
Isolation and structural determination of a new signal molecule in L. enzymogenes OH11. L. enzymogenes OH11 was grown in 40% TSB (50 ml, containing 5 pM LED209) at 28°C at 200 rpm for 3 days. The culture was extracted with the same volume of ethyl acetate. The organic phase was concentrated under a vacuum, and the residues were dissolved with 0.5 ml methanol (MeOH) to afford the crude extract. An aliquot (20 l) of the crude extract was injected into an HPLC instrument to analyze the metabolite prolife of the culture containing LED209, in comparison with that of the control culture. The HPLC instrument (1120 system; Agilent, Santa Clara, CA) was equipped with a reverse-phase (RP) C 18 column (4.6 by 150 mm, 3.5 m), using the solvent system described in Table S1 in the supplemental material. This led to the identification of a new peak that was dramatically increased upon LED209 treatment. To identify this new compound, the culture was scaled up to 1 liter (40% TSB, 5 pM LED209) and grown at 28°C at 200 rpm for 3 days. The culture was filtered, and the filtrate was extracted with 1 liter of ethyl acetate. The organic solution was collected and concentrated by using a Rotavapor instrument. The crude extract was dissolved in methanol (2 ml) and loaded onto a column containing 10 g of silica gel 60 (Merck, Darmstadt, Germany). The column was eluted with CHCl 3 and MeOH (from 100% CHCl 3 to 100% MeOH) to afford 5 fractions, fraction 1 (100% CHCl 3 ), fraction 2 (CHCl 3 -MeOH at a 100:1 dilution), fraction 3 (95% CHCl 3 -5% MeOH), fraction 4 (90% CHCl 3 -10% MeOH), and fraction 5 (100% MeOH). Thin-layer chromatography (TLC) (precoated silica gel 60 F254 plates; Merck, Darmstadt, Germany) was used to monitor the new compound in the fractions. The fraction (fraction 3) containing the compound was concentrated, and the residues were redissolved in methanol (2 ml). The solution was applied to a preparative HPLC column (RP-C 18 [10.0 by 250 mm, 5 m]), which was developed with 50% acetonitrile. The peak containing this new metabolite was collected to obtain ϳ30 mg of pure compound. To determine the chemical structure, the compound was subjected to spectral analysis by NMR (Bruker Advance 400 spectrometer, 400/100 MHz; Bruker, Fällanden, Switzerland) and mass spectrometry (MS) (liquid chromatography quadrupole [LCQ] mass spectrometer; Thermo, West Palm Beach, FL, USA).
Quantitative PCR (qPCR). The wild type and mutants of L. enzymogenes were grown on 100 ml 1/10-strength TSB medium for 24 h. An aliquot of 3 ml of cells was transferred to sterile centrifuge tubes and centrifuged for 3 min at 15,300 ϫ g. The TRIzol solution was used to isolate the total RNA from the cells according to the manufacturer's instructions. A PrimerScript RT reagent kit with a genomic DNA (gDNA) Eraser kit (TaKaRa Biocompany) was used to remove DNA and for reverse transcription of the mRNA. An iQ SYBR green supermix kit (Bio-Rad) was used to quantitatively determine the expression levels of target genes, with 16S RNA as the reference (27) .
Chemical synthesis of the fluorescent indole probe (compound 1). Zinc dust (1.3 g; 20 mmol) was added to a solution containing indole 2 (585 mg; 5 mmol) and propargyl bromide (2.4 ml; 20 mmol) in 6 ml of tetrahydrofuran (THF) at ambient temperature. After stirring for 12 h, the reaction mixture was diluted with ethyl acetate (EtOAc), filtered through a pad of Celite, and concentrated in vacuo. Detection of fluorescence in various strains of L. enzymogenes using the synthetic indole probe. To test the binding of the fluorescent indole probe, various strains of L. enzymogenes, including wild-type strain OH11, the Le-qseC and Le-qseB deletion mutants, and the Le-qseC single-amino-acid point mutants, were grown in 3 ml LB at 30°C at 250 rpm overnight. The cells were harvested by centrifugation and resuspended in a 1-ml solution of the probe (50 M) in phosphate-buffered saline (PBS) (pH 7.4) at 4°C. The cells were then incubated at 30°C for 2 h, pelleted, and washed 2 times with PBS (pH 7.4) at 4°C. Finally, the cells were fixed by using 1/10 formaldehyde in PBS for 1 h at 25°C. The fluorescence of the cells was detected and photographed on an Olympus IX 81 inverted confocal microscope (Olympus, Tokyo, Japan). A 488-nm argon laser was utilized for continuous spectral detection. When indole binds to Le-QseC on the cell membranes of L. enzymogenes, the cells will be labeled with green fluorescence due to the fluorescent reporter of the probe.
Generation of in-frame Le-qseB and Le-qseC gene deletion mutants. To construct vectors for the in-frame deletion of Le-qseB and Le-qseC in L. enzymogenes OH11, two DNA fragments were amplified from the upstream and downstream regions of each of these two genes by using the primer pairs shown in Table 1 . Genomic DNA from wild-type L. enzymogenes OH11 was used as the PCR template. Each of the upstream fragments was digested with XhoI/PstI, and each of the downstream fragments was digested with PstI/BamHI. The upstream and downstream fragments of Le-qseB were cloned into the conjugation vector pJQ200SK to produce pJQ200SK-qseBupdown, and those of Le-qseC were cloned into pJQ200SK to generate pJQ200-qseCupdown. The resulting vectors were transferred into L. enzymogenes according to procedures described previously (17) , and gentamicin-resistant colonies were selected for PCR verification by using primers listed in Table 1 . The confirmed colonies resulting from single-crossover homologous recombination were subjected to a double crossover, which led to the loss of the vector through a second homologous recombination. The Le-qseB double-crossover mutants were screened by using primers qseB-up-forw and qseB-down-revs, and the qseC double-crossover mutants were screened by using primers qseC-up-forw and qseC-down-revs ( Table 1 ). The qseB double-crossover mutants generated the expected 620-bp fragment, and the qseC double-crossover mutants generated the expected 833-bp fragment. Genomic DNA of wild-type L. enzymogenes and water were used as controls.
Generation of Le-qseC single-amino-acid mutants. To construct vectors for Le-qseC single-aminoacid mutants in L. enzymogenes OH11, two DNA fragments that overlap and contain a single codon change at each of the four conserved residues in Le-qseC, as shown in Fig. S2 in the supplemental material, were amplified by PCR using primer pairs (qseC-UP and qseC-DW) listed in Table 1 . Genomic GAT CTC GCG CAG GGA GTG CAC GAG CAT G 85D-FW2 GAG CGG ACC GGC ATG CTC GTG CAC TCC CTG CC 126F-RE1 GCC GTG CGC CCA CAC CTG AGC GCT CAT CTT CTG 126F-FW2 GCC GAC CAG AAG ATG AGC GCT CAG GTG TGG GCG 154F-RE1 GTC GAT CAC GCG GCG GGC GCC GCC GTC CTT GAA 154F-FW2 CCC GAA TTC AAG GAC GGC GCC GCC CGC CGC 164F-RE1
GGT GAG GGT GTA GAC CTG GAG GCG CTC GCC GTC 164F-FW2 GTG ATC GAC GGC GAG CGC CTC CAG GTC TAC DNA from OH11 was used as the template, and the two fragments were pieced together through a second PCR. Each of the resultant fragments was digested with KpnI/BamHI and then cloned into the conjugation vector pET18Gm to produce pET18Gm-qseCupdown. The constructs were confirmed by sequencing and then transferred into L. enzymogenes OH11 according to procedures described previously (17) , and gentamicin-resistant colonies were selected for PCR verification of single-crossover homologous recombination using primers listed in Table 1 . The confirmed colonies resulting from single-crossover homologous recombination were subjected to a double crossover, which led to the loss of the vector through a second homologous recombination. The double-crossover mutants were screened by using test primers (qsec-UP and qsec-DW). The PCR products were digested with the selected restriction enzymes (ApaLI for the Le-QseC D85V mutant, AfeI for the Le-QseC F126A mutant, EheI for the Le-QseC F154A mutant, and BpmI for the Le-QseC W164E mutant) to verify the mutants. We declare that we have no conflicts of interest with the contents of this article.
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